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Arctic coastal permafrost erosion

Muostakh 
Island

• Arctic-mean erosion rate: 0.5 m/year (Lantuit et al. 2012)

• Releases about as much organic carbon to the 
ocean as all the Arctic rivers combined (Wegner et al. 2015)

• Abrupt permafrost thaw contributes to warming via 
the permafrost-climate feedback

(Turetsky et al. 2019, 2020)
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The Arctic has warmed about 4 times faster than the globe

Rantanen et al. (2022), Chylek et al. (2022)

 


• Arctic Amplification factor of about 4 
according to observations from 1979 to 2021.
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The Arctic has warmed about 4 times faster than the globe

Rantanen et al. (2022), Chylek et al. (2022)

 


• Arctic Amplification factor of about 4 
according to observations from 1979 to 2021.

Rantanen et al. (2022)


• Changes will continue in the 21st century. 

A totally ice-free Arctic Ocean during summer 
will likely start occuring in the 2050s.

Notz & SMIP Community (2020)


How will Arctic coastal permafrost 
erosion change in the future?
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Sea Ice Open-water 
season
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Adapted from Günther et al. (2015) in “Observing Muostakh disappear” 

Drivers of coastal permafrost erosion
Thermo-denudation

Thermo-abrasion

Sea Ice Open-water 
season

block-failure

Adapted from Hoque and Pollard (2009)
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There is a scale gap
between Arctic coastal erosion and Earth system models (ESMs)

Adapted from Hoque and Pollard (2009)

Turetsky et al. (2019, 2020), Fritz et al. (2017)
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There is a scale gap
between Arctic coastal erosion and Earth system models (ESMs)

Adapted from Hoque and Pollard (2009)

• Existing erosion models are not compatible with ESMs used for climate projections (e.g. CMIP6)

• Future projections of permafrost-carbon loss could be largely underestimated

• New modelling frameworks are needed to close the scale gap

Turetsky et al. (2019, 2020), Fritz et al. (2017)
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A simple, semi-empirical model for Arctic coastal erosion

Observations from the Arctic Coastal Dynamics 
(ACD) database (Lantuit et al. 2012)

Nielsen et al. (2022)
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Temporal Spatial

Coastal Arctic-means of 
daily-accumulated yearly:

• Significant wave heights 

• Positive surface air 

temperature


Nielsen et al. (2022)
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A simple, semi-empirical model for Arctic coastal erosion

Observations from the Arctic Coastal Dynamics 
(ACD) database (Lantuit et al. 2012)

Temporal Spatial

Coastal Arctic-means of 
daily-accumulated yearly:

• Significant wave heights 

• Positive surface air 

temperature


Local daily-accumulated 
yearly:

• Significant wave 

heights 

• Positive surface air 

temperature

• Ground-ice content


Nielsen et al. (2022)
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Pan-Arctic spatial variability

Ground-ice content, surface temperature and 
ocean waves explain about 50% of the spatial 
variability of long-term mean erosion rates
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Pan-Arctic spatial variability

Ground-ice content, surface temperature and 
ocean waves explain about 50% of the spatial 
variability of long-term mean erosion rates

Future projections

Nielsen et al. (2022)
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Historical and 21st-century projections
Arctic-mean coastal erosion rate

7Nielsen et al. (2022, Nature Climate Change)
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Historical and 21st-century projections
Arctic-mean coastal erosion rate

Probability of emergence

2.6±0.8 m/year
2.0±0.7 m/year
1.6±0.5 m/year
0.9±0.4 m/year

x2.1 x2.9 

• Doubling in intermediate and high-emission 
scenarios


• Very likely exceeds the historical range of 
variability before 2100


• Sensitivity to global-mean surface air 
temperature (GMST) about 0.4 (m/year)/°C 
(SSP2-4.5)


7Nielsen et al. (2022, Nature Climate Change)




MAX-PLANCK-INSTITUT FÜR METEOROLOGIE |  DAVID NIELSEN COASTAL PERMAFROST EROSION |  06.06.2023

Permafrost organic carbon loss

Yearly loss due to coastal erosion

8Nielsen et al. (2022, Nature Climate Change)




MAX-PLANCK-INSTITUT FÜR METEOROLOGIE |  DAVID NIELSEN COASTAL PERMAFROST EROSION |  06.06.2023

Permafrost organic carbon loss

Yearly loss due to coastal erosion

• Most uncertainties originate in the erosion model

8Nielsen et al. (2022, Nature Climate Change)




MAX-PLANCK-INSTITUT FÜR METEOROLOGIE |  DAVID NIELSEN COASTAL PERMAFROST EROSION |  06.06.2023

Permafrost organic carbon loss

Yearly loss due to coastal erosion

• Most uncertainties originate in the erosion model

8Nielsen et al. (2022, Nature Climate Change)




MAX-PLANCK-INSTITUT FÜR METEOROLOGIE |  DAVID NIELSEN COASTAL PERMAFROST EROSION |  06.06.2023

Permafrost organic carbon loss

Net cumulative change of permafrost carbon 
(1900-2100)

Yearly loss due to coastal erosion

• Most uncertainties originate in the erosion model

8Nielsen et al. (2022, Nature Climate Change)
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Permafrost organic carbon loss

Yearly loss due to coastal erosion Net cumulative change of permafrost carbon 
(1900-2100)

• Most uncertainties originate in the erosion model


• Coastal erosion accelerates permafrost carbon loss in all scenarios

8Nielsen et al. (2022, Nature Climate Change)
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Organic Matter 
CO2? 

• OM remineralization releases CO2 to the ocean and atmosphere

• Erosion fuels primary production, consuming CO2 from the ocean
Terhaar et al. (2022)


• Sediment burial → millennial time scales, thus 
having little immediate impact on surface CO2 

Bröder et al. (2018)


• Effectiveness of nearshore resuspension zone 
is determinant Jong et al. (2020)


Tanski et al. (2019, 2020)


What is the impact of increasing permafrost erosion  
on the Arctic Ocean's CO2 uptake from the 

atmosphere?
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Permafrost Organic Matter (OM) in MPI-ESM

Limitations 

• Lack of specific tracers for permafrost OM, with 
different C/N ratios and remineralization rates


• Lack of resuspension driven by tides surface waves in 
the nearshore zone


Nielsen et al. (in prep.)
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Sediment Burial
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Permafrost Organic Matter (OM) in MPI-ESM

Limitations 

• Lack of specific tracers for permafrost OM, with 
different C/N ratios and remineralization rates


• Lack of resuspension driven by tides surface waves in 
the nearshore zone


Strategy 

• 8 simulations: sensitivity to OM characteristics


• The excess carbon is given as DIC, assuming 
instantaneous remineralization.


• 350 years of spin-up with historical erosion rates until 
stable surface Arctic Ocean


• Historical and Future scenarios until 2100 (CMIP6) 
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Inner Arctic
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Arctic Ocean's CO2 uptake decreases due to erosion

Nielsen et al. (in prep.)


Inner Arctic

•Reduction of CO2 uptake by about 5 to 14 
TgC/year


•Model uncertainties are as large as 
scenario uncertainties
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Uncertainties originate in the OM representation

15 (9 to 19) %

14 (8 to 18) % 

13 (8 to 16) % 

11 (7 to 14) %

Percentage change of CO2 uptake


90%POC 18C/N

90%POC 14C/N

90%POC 10C/N

10%POC 18C/N

10%POC 14C/N

10%POC 10C/N
90%POC Marine

10%POC Marine
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Uncertainties originate in the OM representation

15 (9 to 19) %

14 (8 to 18) % 

13 (8 to 16) % 

11 (7 to 14) %

0.6 (0.3 to 0.8) 

0.6 (0.4 to 0.8)  

0.7 (0.4 to 1.0)  

0.6 (0.3 to 0.8) 

Percentage change of CO2 uptake
 Sensitivity of CO2 uptake change to erosion


90%POC 18C/N

90%POC 14C/N

90%POC 10C/N

10%POC 18C/N

10%POC 14C/N

10%POC 10C/N
90%POC Marine

10%POC Marine
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Erosion inverts the air-sea CO2 flux direction  
on the Siberian shelf

Nielsen et al. (in prep.)
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Schubert et al. (2006)


Sp
ec

ie
s 

ab
un

da
nc

e

(fr

ac
tio

n 
of

 D
IC

)

Mechanisms of pCO2 change in the Ocean 

14

Dissolved Inorganic Carbon (DIC)



MAX-PLANCK-INSTITUT FÜR METEOROLOGIE |  DAVID NIELSEN COASTAL PERMAFROST EROSION |  06.06.2023

Schubert et al. (2006)


Sp
ec

ie
s 

ab
un

da
nc

e

(fr

ac
tio

n 
of

 D
IC

)

Mechanisms of pCO2 change in the Ocean 

14

Dissolved Inorganic Carbon (DIC)

DIC pCO2

Alkalinity pCO2



MAX-PLANCK-INSTITUT FÜR METEOROLOGIE |  DAVID NIELSEN COASTAL PERMAFROST EROSION |  06.06.2023

Schubert et al. (2006)


Sp
ec

ie
s 

ab
un

da
nc

e

(fr

ac
tio

n 
of

 D
IC

)

Mechanisms of pCO2 change in the Ocean 

14

pCO2pCO2
Organic matter remineralization

Dissolved Inorganic Carbon (DIC)

DIC pCO2

Alkalinity pCO2



MAX-PLANCK-INSTITUT FÜR METEOROLOGIE |  DAVID NIELSEN COASTAL PERMAFROST EROSION |  06.06.2023

Decomposing pCO2 in contributions from alkalinity and DIC 

Nielsen et al. (in prep.)


• Alkalinity decreases (OM remineralization) and 
decreases the Ocean's ability to take up CO2
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Decomposing pCO2 in contributions from alkalinity and DIC 

• The combined effect of decreasing alkalinity and 
DIC maintain a constant surface pCO2 increase 

Nielsen et al. (in prep.)


=

• Alkalinity decreases (OM remineralization) and 
decreases the Ocean's ability to take up CO2
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Sea-ice modulates the impact of erosion on CO2 uptake

Nielsen et al. (in prep.)
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Summary

• Simple, semi-empirical model for Arctic coastal permafrost 
erosion compatible with ESMs
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Summary

• Simple, semi-empirical model for Arctic coastal permafrost 
erosion compatible with ESMs


• Erosion rates could increase by a factor of 2-to-3 by 2100 and 
exceed the historical range of variability


• Coastal erosion reduces the Arctic Ocean's CO2 uptake from 
the atmosphere by 5 to 15 TgC/year, which is equivalent to:

• 15(±5)% of Inner Arctic uptake in the historical period

• 11(±4)% of Inner Arctic uptake in SSP5-8.5 (2081-2100)

• Between 1 and 2 TgC year−1 °C−1 GMST  

• Sea ice plays a fundamental role in:

• Protecting the coastal permafrost from erosion, and

• Modulating the effect of erosion on the Ocean's CO2 uptake
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Extra slides
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A simple, semi-empirical model for Arctic coastal erosion

Thermal Mechanical

as a linear combination of the thermal and mechanical drivers of erosion, 
compatible with ESM simulations

Temporal

4

Spatial

Linear regression of waves, 
temperature and ground ice

ACD database (Lantuit et al. 2012)
“High-quality” segments
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Non-extreme:
waves + 
ground ice

Extreme:
temperature + 

ground ice

ACD database (Lantuit et al. 2012)
Trained on “High-quality” segments

The Spatial Component
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Assumptions

n Only the erosive coastal segments from the ACD (306 out of 1314)
n Only linear additive effect of the thermal and mechanical drivers 

Ø i.e.: absence of non-linear, synergistic effects
n Ground-ice is constant in the future
n Linear regression model trained with observations is valid in the future

Forcing:
n 10-member Ensemble of MPI-ESM from CMIP6 (Historical and Scenarios)
n Ocean surface waves (WAM)



Earth system model (ESM) simulations including erosion

Wave Model  
(WAM)

Sea ice,

winds

Coastal 
Erosion 
Model

Waves

Temperature, sea ice
ACD 

Database
Ground 


ice

Erosion 

Rates


(m/year)

Elevation,

Length,


Ground ice,

Carbon content

Carbon

Flux


(TgC/year)

Carbon

Flux


(TgC/day)
Changes in ocean 
biogeochemistry,  
air-sea CO2 fluxes 

?
Nielsen et al. (2022)


Nielsen et al. (in prep.)


Giorgetta et al. (2013)


3



Changes in alkalinity and DIC maintain a relatively constant increase in surface pCO2

Nielsen et al. (in prep.)


Alkalinity and DIC response to coastal erosion



MAX-PLANCK-INSTITUT FÜR METEOROLOGIE |  DAVID NIELSEN COASTAL PERMAFROST EROSION |  06.06.2023

Same physics
Decomposing !pCO2
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Coastal erosion reduces the Arctic Ocean’s CO2 uptake 

90%POC_18C/N
90%POC_14C/N
90%POC_10C/N

90%POC_7.6C/N
10%POC_7.6C/N

10%POC_18C/N
10%POC_14C/N
10%POC_10C/N

Percentage change in surface CO2 uptake due to coastal erosion

Arctic Circle Inner Arctic



Seasonal cycle



Erosion inverts the air-sea CO2 flux direction  
on the Siberian shelf

Nielsen et al. (in prep.)
 6
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Max Planck Institute Earth System Model (MPI-ESM)
MPI-ESM simulates the global Land, Ocean and Atmosphere, representing the main fluxes of water, 
energy and carbon. Scenario simulations require spatial resolution on the order of 10-100 kilometers.

Schematics of fluxes between components in MPI-ESM 
(Giorgetta et al. 2013, https://doi.org/10.1002/jame.20038)


